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through the universal FH screening program in preschool children. Genetic testing using Sanger sequencing was
performed for cascade screening to detect (likely) pathogenic variants, previously confirmed in the index child.
Results: The success rate of confirming a (likely) pathogenic variant was 77.2 % when the first parent, preferably
with higher total cholesterol levels, was tested, and reached 99.1 % when the variant was identified in the first
tested parent or when both parents were tested. In the minority of cases (13.8 %), parents had had a clinical
diagnosis of FH prior to their child and these had somewhat higher prevalence of CVD compared to parents that
were diagnosed after their index child through the pilot program (12.5 % vs. 4.3 %; p = 0.382).

Conclusions: In conclusion, the presented pilot child-parent cascade screening program is feasible in clinical
practice and shows a high success rate in identifying parents with FH. Parents diagnosed through the program
appeared to have a lower prevalence of CVD. However, larger cohorts are needed to confirm these findings.

1. Introduction

Familial hypercholesterolemia (FH) is an autosomal semi-dominant
disorder of lipoprotein metabolism, characterized by elevated low-
density lipoprotein cholesterol (LDL-C) leading to accelerated athero-
sclerosis and increased risk for premature cardiovascular disease (CVD)
[1]. FH is considered the most common non-modifiable CVD risk factor
with an estimated prevalence of 1:313 [2] and is caused by pathological
variants in the LDL receptor (LDLR), apolipoprotein B (APOB) and
proprotein convertase subtilisin/kexin type 9 (PCSK9) genes [3].

Nearly 90 % of untreated individuals with FH will develop coronary
artery disease, half of men and women before they turn 50 and 60 years
of age, respectively [4]. Early identification of individuals with FH,
combined with timely initiation of lipid-lowering therapy, significantly
reduces the risk of CVD [5]. The greatest benefit is observed in those
with the highest cholesterol levels and in whom treatment was started
earlier in life [6].

Due to the inheritance pattern, every child with genetical FH has at
least one parent and possibly also a sibling with FH, making cascade
screening of relatives of index cases essential and viable for reducing the
CVD burden in affected families. Adults with FH that were diagnosed
through cascade screening tend to be younger and have less established
CVD [7]. Prerequisite is the identification of index cases with FH which
is done by universal screening and opportunistic testing in real world
setting. Unfortunately, in Europe alone, it is estimated that less than 10
% of adults and 5 % of children are diagnosed, which prevents them
from accessing timely and appropriate treatment [8,9]. Cascade
screening alone is not sufficient to discover all individuals, thus a sys-
tematic combination of opportunistic testing, universal screening, and
cascade screening strategies need to be employed for the highest success
rate [10]. Moreover, the utilization of universal screening of children
followed by reverse child-parent cascade screening was found to be cost
effective compared to other approaches to FH identification [11].

Slovenia took the lead in this approach by successfully implementing
a universal FH screening program for preschool children in 1995.
Following the nationwide adoption of the program, a pilot child-parent
cascade screening initiative was launched in 2012. In this article, we
present the positive outcomes of this pilot which were instrumental in
expanding the screening program, making child-parent cascade
screening an integral part of standard clinical practice [12,13]. The
three step screening program was approved by the Slovenian National
Council of Pediatrics and by the National Health Council at the Ministry
of Health.

2. Materials and methods
2.1. Study population and design

In this prospective cross-sectional study, we analyzed data from a
pilot child-parent cascade FH screening program conducted in Slovenia
between January 2012 and July 2021. Study was approved by the Na-
tional Medical Ethics Committee of the Republic of Slovenia (n.
0120-286/2021/3).

The Slovenian screening program for FH includes three steps. Total

cholesterol (TC) measurement is legally mandated in 5-year-old pre-
school children during regular health-checks with the primary care
pediatrician [8]. This first step successfully reaches over 90 % of the
approximately 18,000-20,000 eligible children in each generation,
resulting in around 50 newly diagnosed children with FH each year.
Children with elevated TC > 6 mmol/L (240 mg/dL) or > 5 mmol/L
(190 mg/dL) with positive family history are referred, as part of the
second step, to the pediatric outpatient lipid clinic at the University
Children’s Hospital Ljubljana where genetic testing is performed [14,
15]. In cases where genetic testing identified a (likely) pathogenic
variant in one of the three main genes associated with FH (LDLR, APOB,
PCSK9) in an index child, pilot child-parent genetic cascade screening of
the parents was conducted as part of the third step, preferably starting
with the parent with higher TC levels (Fig. 1). If an FH-associated ge-
netic variant was not identified in the firstly tested parent, cascade
screening was performed in the other parent.

Parents were recruited randomly during regular outpatient visits of
their children with FH. As this was a pilot program of cascade screening,
it faced significant limitations, such as lack of funding for genetic testing
and lack of staffing and administrative barriers to performing compre-
hensive out-patient evaluations of parents within the pediatric lipid
clinic, resulting in a relatively low number of parents being included.

After obtaining written informed consent from parents for partici-
pation in the pilot program, a complete medical history was obtained,
their electronic medical records were reviewed with an emphasis on
personal history of hypercholesterolemia and CVD. CVD was defined as
acute myocardial infarction, stroke, peripheral artery disease, angina
pectoris, or a revascularization procedure prior to the time of the ex-
amination regardless of age at diagnosis or event. Venous blood was
collected for the analysis of a comprehensive lipid panel and genetic
testing. While some participants were taking lipid-lowering therapy at
the time of blood collection, the reported lipid levels were not adjusted
to reflect their lipid-lowering effect. Upon confirmation of a (likely)
pathogenic variant in one of the three major FH genes, all parents who
had not yet been under the care of a lipidologist were referred to a
specialized adult lipid clinic.

TC, high-density lipoprotein cholesterol (HDL-C), LDL-C, and tri-
glycerides (TG) were measured using the Abbott Alinity C Chemistry
Analyzer (Abbott Laboratories, USA). Lipoprotein(a) (Lp(a)), apolipo-
protein B (ApoB) and apolipoprotein Al (ApoAl) were determined
through immunonephelometry using the Siemens Nephelometer
Analyzer Atellica Neph 630 (Siemens Healthineers, Ireland).

Genetic testing was performed at the Institute for Special Laboratory
Diagnostics at the University Children’s Hospital, University Medical
Centre Ljubljana. Genomic DNA was isolated from the whole blood
sample according to the established laboratory protocols using Flex-
iGene isolation kit (Qiagen, Germany). While next-generation
sequencing was used to identify disease-causing variants in children
within the second step of the screening program, Sanger sequencing was
used for confirmation of causative variants that were previously detec-
ted in their children. Genetic variants were interpreted according to the
latest American College of Medical Genetics and Genomics (ACMG)
guidelines [16]. Detailed genetic analysis procedure was already
described in our previous publication [17].
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Data was collected and analyzed using SPSS Statistics, version 26.0
(IBM, USA) and Microsoft Office Excel 365 (Microsoft Corporation,
USA). Numerical variables were assessed for normality of distribution.
Non-normally distributed variables were analyzed using Mann-Whitney
test and presented as median (first quartile-third quartile; interquartile
range [IQR]). Normally distributed variables were analyzed using in-
dependent samples t-test and presented as mean + standard deviation.
Categorical variables were analyzed with Pearson’s chi-squared test and
presented as absolute frequencies (relative frequencies in %). Two-sided
statistical tests were used and a p < 0.05 was considered statistically
significant.

3. Results
3.1. Child-parent cascade screening success rate

As part of the pilot child-parent cascade screening program, alto-
gether 138 parents (68 [49.3 %] females, all Caucasians, median age
42.6 [IQR: 38.0-46.2] years) from 123 families underwent genetic
testing and clinical assessment. In the first substep, 123 parents of index
pediatric cases, predominantly with higher TC levels, were tested and
(likely) pathogenic variants were found in 95 parents, implying of a
success rate of 77.2 %. In 15 families where the initially tested parent
was negative, the other parent was subsequently tested, and (likely)
pathogenic variants were found in 14 of them, yielding a success rate of
93.3 % for this second substep. Together in families where the variant
was found in the first tested parent and in families where both parents
were tested, genetic cascade screening was successful in 109/110 (99.1
%) since the pathogenic variant was absent in both parents in only one
family. Altogether, a likely pathogenic or pathogenic variant was
confirmed in 109 tested parents (79.0 %), with both sexes being
approximately equally represented (58 [53.2 %] female). The median
age at examination of parents with genetically confirmed variants was
comparable to the parents in whom the genetic testing was negative
(42.0 [IQR: 38.0-46.2] years vs. 43.5 [IQR: 37.8-46.4] years; p =
0.656). Disease-causing variants were detected in the LDLR (79 [72.5
%]) and APOB (30 [27.5 %]) genes; however, no variants were identified
in the PCSK9 gene. This outcome reflects the genetic background of the
pediatric index cases and the methods employed for genetic testing. The
overview of detected variants in the included parents is presented in
Table 1.

3.2. Clinical characteristics

At the date of examination, in the whole cohort average TC was 6.6
+ 1.6 mmol/L [255.2 + 62 mg/dL], LDL-C 4.5 + 1.5 mmol/L [174 + 58
mg/dL], non-HDL-C 5.1 + 1.5 mmol/L [197 + 58 mg/dL], APOB 1.26
+ 0.31 g/L and median Lp(a) 143.5 (<99.4-549) mg/L. Parents with a
confirmed FH-causing variant (carriers) showed significantly more
adverse lipid profiles compared to non-carriers (Table 2), whereas the
lipid profiles were not adjusted for the effect of the lipid-lowering
therapy. Carriers had notably higher levels of TC (6.8 + 1.6 vs. 5.6 +
0.9 mmol/L; p < 0.001), LDL-C (4.8 £+ 1.5 vs. 3.6 + 0.8 mmol/L; p <

Universal FH screening
in children

Genetic testing for FH
in children

l

Cascade genetic testing of
parents*®
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Table 1

Overview of detected likely pathogenic and pathogenic variants for FH in
the pilot child-parent screening program. The variants are sorted by their
frequency in our cohort. Abbreviations: ACMG-AMP — American College of
Medical Genetics and Genomics — Association for Molecular Pathology; APOB —
Apolipoprotein B gene; LDLR — Low-Density Lipoprotein Receptor gene.

Gene Nucleotide Protein change ACMG-AMP Frequency,
change Classification N (%)

APOB  NM_000384.3: NP_000375.3:p. Pathogenic 30 (27.5)
¢.10580G > A (Arg3527Gln)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 15 (13.8)
c.1432G > A (Gly478Arg)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 14 (12.8)
¢.557delG (Gly186ValfsTer20)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 8(7.3)
c.858C > A (Ser286Arg)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 7 (6.4)
¢.1754T > C (11e585Thr)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 6 (5.5)
c81C>G (Cys27Trp)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 5(4.6)
c.2416dupG (Val806GlyfsTer11)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 4(3.7)
c.1637G > A (Gly546Asp)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 3(2.8)
c.1646G > A (Gly549Asp)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 2(1.8)
¢.1056C > G (Cys352Trp)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 2(1.8)
c.1690A > G (Asn564Asp)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
¢1033C > T (GIn345Ter)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
c.1151A > C (GIn384Pro)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
c.1285G > A (Val429Met)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
c.1567G > A (Val523Met)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
c.1897C > T (Arg633Cys)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1 (0.9
c.223T > A (Cys75Ser)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
c.2389G > A (Val797Met)

LDLR NM_000527.5: NP_000518.1:p. Likely 1(0.9)
c.347G > A (Cys116Tyr) Pathogenic

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
c.415G > A (Asp139Asn)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
c.662A > G (Asp221Gly)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1 (0.9
c.1246C > T (Arg416Trp)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
c.798T > A (Asp266Glu)

LDLR NM_000527.5: NP_000518.1:p. Pathogenic 1(0.9)
c.862G > A (Glu288Lys)

0.001), non-HDL-C (5.3 + 1.6 vs. 4.2 + 0.9 mmol/L; p < 0.001), and
ApoB (1.30 + 0.31 vs. 1.08 + 0.20 g/L; p = 0.001), as well as higher
historical maximum values for TC and LDL-C (p < 0.001 for both com-
parisons). TG levels were slightly lower in carriers compared to non-

el Cascade genetic testing in

detected the other parent

Variant Genetically confirmed FH

—_—

detected in a parent

Fig. 1. Pilot child-parent cascade screening program for familial hypercholesterolemia in Slovenia. * Preferably, parents with higher total cholesterol levels

were tested.
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Table 2

Comparison of lipid profiles between parents with a confirmed likely
pathogenic or pathogenic variant (carriers) and those without an identi-
fied variant (non-carriers). Data are mean =+ standard deviation and median
(first quartile-third quartile). Independent samples t-test and Mann-Whitney
Test were used for comparison between FH variant carriers and non-carriers.
Abbreviations: TC - total cholesterol; HDL-C — High-Density Lipoprotein
Cholesterol; LDL-C — Low-Density Lipoprotein Cholesterol; TG — Triglycerides;
Lp(a) - Lipoprotein(a); ApoAl — Apolipoprotein A1l; ApoB — Apolipoprotein B.
Max TC and LDL-C — maximal recorded TC in the available health records.

Carriers (N = 109) Non-carriers (N = 29) p

Female, N (%) 58 (53.2) 10 (34.5) 0.073
Age, year 42.0 (38.0-46.2) 43.5 (37.8-46.4) 0.656
TC, mmol/L 6.8+ 1.6 5.6 £ 0.9 <0.001
Non-HDL-C, mmol/L 53+1.6 4.2+09 <0.001
HDL-C, mmol/L 1.5+ 0.4 1.4+ 0.5 0.365
LDL-C, mmol/L 48 +1.5 3.6 +0.8 <0.001
TG, mmol/L 1.2+0.7 1.5+0.8 0.109
Lp(a), mg/L 145.5 (<99.9-549) 131 (<99.4-505) 0.854
ApoAl, g/L 1.50 + 0.25 1.51 £ 0.29 0.900
ApoB, g/L 1.30 £ 0.31 1.08 £ 0.20 0.001
Max TC, mmol/L 7.5+22 5.6 £ 0.9 <0.001
Max LDL-C, mmol/L 55+ 21 3.6 + 0.8 <0.001

carriers (1.2 £ 0.7 vs. 1.5 £+ 0.8), however this was not statistically
significant (p = 0.109). No significant differences were observed in HDL-
C, Lp(a), or ApoAl levels.

In the overall cohort, 3/64 (4.7 %) had a personal history of CVD,
including acute myocardial infarction, stroke, peripheral artery disease,
angina pectoris, or a revascularization procedure prior to the time of the
examination. This was primarily driven by parents with a confirmed
(likely) pathogenic variant (3/55; 5.5 %), whereas none of the parents
without an identified variant had established CVD. FH-variant carriers
with established CVD were generally older compared to those without
CVD (median age 54.1 [range 44.0-54.1] vs. 43.3 [IQR: 38.1-46.4]
years; p = 0.054), however the difference was borderline statistically
significant.

3.3. Diagnosis and management at lipid specialist

The median age of parents with a (likely) pathogenic variant at the
time their 5-year-old index child was screened was 35.2 (IQR:
31.5-38.8) years. In the pilot program, the median time from the child’s
screening to the parent’s genetic FH diagnosis was 6.8 (IQR: 4.1-9.7)
years, with a corresponding mean parental age of 42.1 (IQR: 38.3-46.7)
years at diagnosis. The diagnosis of FH was first made in an index child
in 94/109 [86.2 %] of cases, whereas the remaining 15 [13.8 %] parents
with a diagnosis of FH prior to their child were diagnosed clinically
using Dutch Lipid Clinic Network criteria. Parents who had had FH
diagnosed prior to their children were of comparable ages to parents
who were diagnosed through the pilot program (median age at genetic
FH diagnosis 42.1 [IQR: 38.3-46.4] vs. 39.6 (IQR: 35.7-45.9); p =
0.254). There was a trend that parents who were diagnosed prior to the
index child had a personal history of CVD in 1/8 (12.5 %) compared to
2/47 (4.3 %) where the child was first diagnosed, however this was not
statistically significant due to low absolute frequencies established CVD
in our cohort (p = 0.382, Fisher’s Exact Test). Moreover, the majority of
parents with FH (62 [56.9 %]) were not managed at a lipid specialist
prior to the inclusion into the pilot screening program.

4. Discussion

Cascade screening of relatives of individuals with FH aids the iden-
tification of others with the same condition, liking them to appropriate
care to reduce their CVD risk. The goal is to diagnose the individual in
the subclinical phase when an CVD event has not yet occurred [18]. The
combination of a universal FH screening of children and a child-parent
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genetic screening program has the potential to address these assump-
tions. In this article, we presented the positive outcomes of a pilot
child-parent cascade screening program in Slovenia, which was instru-
mental to the expansion of the FH screening program in the country.

Following the universal FH screening program in preschool children,
child-parent cascade screening of index cases with genetically confirmed
FH achieved a high success rate (77.2 %) when the first parent, prefer-
ably with higher TC levels, was tested. Moreover, the strategy identified
a parent with FH in nearly all families (99.1 %) where both parents were
tested or where the variant was identified in the first tested parent.
Cascade screening based on genetic testing was already found to be
feasible and effective in several countries, including the Netherlands,
Australia, Scotland and many others [19-21]. Child-parent cascade
screening is estimated to identify one parent with FH per every index
child, in the context that both parents are genetically tested, and even
more if further cascade screening is performed from affected parents
[22,23]. Our approach, in which the parent with the higher TC is tested
first, successfully identifies a pathogenic variant in nearly every family
while reducing costs and workload, as genetic testing of both parents is
commonly not required.

A pathogenic variant was not identified in only one family, which
may be attributed either to non-paternity or to a de novo variant, how-
ever, FH caused by a de novo variant is very rare and has been reported in
a limited series of cases in the literature [24]. Non-paternity findings
arising from genetic testing conducted for purposes other than deter-
mining biological parentage present a significant ethical and moral
dilemma. There is no clear professional consensus on how such results
should be disclosed; however, it is widely recognized that each case is
unique, and clinicians must adopt tailored approaches in communi-
cating these findings to the family, particularly to the child. In this
context, counseling and pre-test consent are crucial in preparing families
for the possibility of non-paternity results, with genetic counselors
providing essential guidance and support throughout the process [25].

The overall prevalence of CVD in the cohort of parents diagnosed
with FH was low (around 6 %), which reflects their age, as most were
diagnosed in their forties (median age 42.1 [38.3-46.7] years). How-
ever, due to the nature of the pilot program there was a considerable
delay of around 6.8 years between the screening of the child and
establishment of diagnosis in the parent. This potential caveat could be
minimized through an established cascade screening program with clear
protocols for genetic testing in parents to minimize the time to diagnosis.
A minority of parents with FH had had an established clinical FH prior to
the cascade screening, however, we observed a trend that these parents
were more likely to have CVD at screening compared to parents that
were diagnosed through the pilot program (12.5 % vs. 4.3 %), implying
that earlier diagnosis through cascade screening could reduce their risk
of developing CVD or the fact that FH was diagnosed opportunistically
after a CVD event [26].

Previous analyses of the management and treatment of individuals
with FH have demonstrated their substantial benefit in terms of cost-
effectiveness [10]. However, most of these analyses are based on theo-
retical calculations or on established cascade screening programs
worldwide where adults represent the majority of index cases. Universal
screening for LDL-C in 1-2-year-old children in the United Kingdom,
followed by molecular genetic testing and reverse (child-parent)
cascade screening, was found to be cost-effective, resulting in incre-
mental cost-effectiveness ratio (ICER) of £12,480/quality-adjusted life
year (QALY) [11]. Moreover, in Kagawa, Japan, universal screening of
9-10-year-old children and reverse cascade screening of their adult
relatives was proven to be cost-effective compared to no screening with
ICER of USD 1042/QALY [27]. Both ICERs were well below the
respective countries’ willingness-to-pay thresholds. These studies rep-
resents the highest level of evidence for the cost-effectiveness of FH
screening programs similar to one in Slovenia, although a
country-specific analysis for Slovenia has not yet been conducted.

Although clear professional guidelines exist for the consistent
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implementation of cascade screening among relatives of index cases
with FH, the overall uptake of screening in routine clinical practice re-
mains limited. The reasons behind effective and widespread imple-
mentation of cascade screening for FH are multifaceted, encompassing
systemic organization of the healthcare system, funding, legal frame-
works, and barriers at the individual level among those involved in the
program. Nevertheless, experiences from countries with high uptake,
such as the Netherlands and Norway, suggest that public funding and the
establishment of a centralized administrative body are essential to
ensure systematic program implementation. Moreover, legal restrictions
pose perhaps an even greater challenge, particularly regarding the op-
tion of healthcare professionals to contact relatives directly due to
limitations in disclosing sensitive health information [28]. At the indi-
vidual level, major barriers include lack of awareness of FH among both
the general public and healthcare professionals, concerns about
disease-related stigma, and insufficient educational materials. On the
other hand, positive factors include good accessibility to specialized
centers for ongoing patient management and strong awareness of FH
among affected individuals [29]. While data on the topic were not
collected systematically, we estimate that during the implementation of
the pilot program, parents demonstrated good willingness to participate
in the cascade screening initiative, and their responses were generally
positive. However, achieving this required a considerable additional
investment of time in raising awareness and educating parents. The
main barriers identified from a standpoint of pediatric lipidologist were
the limited time available and competing priorities during outpatient
visits, as well as the absence of a dedicated coordination center
responsible for program management, scheduling of appointments, and
communicating results to the parents involved.

Important limitations of our article include the low absolute number
of participants, the lack of clinical data on the use of lipid-lowering
therapy, baseline untreated lipid values, a significant diagnostic delay
between the times of diagnosis in the child and their parent, and the low
absolute prevalence of CVD in the cohort. One of the main reasons for
the mentioned limitations is the pilot design of the cascade program
itself, which was carried out outside of routine clinical practice. The
main barriers were the lack of financing of outpatient visits for parents,
genetic testing, and additional administrative obstacles, which resulted
in only a limited number of individuals included and low CVD preva-
lence. Thus, larger clinical studies are needed to validate the findings of
this pilot program. We expect that the implementation of cascade testing
will be significantly strengthened with the upgrade of the screening
program, once it becomes part of routine clinical practice with secured
administrative, human, and financial resources. Moreover, data on lipid-
lowering therapy were not routinely collected; therefore, it was not
possible to adjust lipid parameters according to the type and potency of
therapy. To address this limitation, we reported the highest measured
values of TC and LDL-C in parents, as these are generally a more accurate
reflection of the genetic background of hyperlipidemia.

In conclusion, the presented pilot child-parent cascade screening
program is feasible in clinical practice and shows a high success rate in
identifying parents with FH. Parents diagnosed through the program
appeared to have a lower prevalence of CVD, however, larger cohorts
are needed to confirm our observations.
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